Abstract Numerous researchers have examined the effects of skin condition, including texture and color, on the perception of health, age, and attractiveness in human faces. They have focused on facial color distribution, homogeneity of pigmentation, or skin quality. We here investigate the role of overall skin color in determining perceptions of health from faces by allowing participants to manipulate the skin portions of color-calibrated Caucasian face photographs along CIELab color axes. To enhance healthy appearance, participants increased skin redness (a*), providing additional support for previous findings that skin blood color enhances the healthy appearance of faces. Participants also increased skin yellowness (b*) and lightness (L*), suggesting a role for high carotenoid and low melanin coloration in the healthy appearance of faces. The color preferences described here resemble the red and yellow color cues to health displayed by many species of nonhuman animals.
Introduction
The face plays a significant role in human interactions, including mate choice (Perrett et al. 1998) . Numerous researchers have examined aspects of human faces that affect perceptions of health, attractiveness, and age, usually focusing on facial shape (Perrett et al. 1999; Rhodes et al. 1999) . However, more recently, several studies have focused on the contributions of skin color and texture to apparent facial health and attractiveness (Fink et al. 2001 (Fink et al. , 2006 Jones et al. 2004; Matts et al. 2007; Stephen et al. 2009 ). Here, we expand this approach by examining the effects of overall skin color on the appearance of health in human faces while controlling experimentally for texture and shape effects.
Previous researchers have shown that the homogeneity and distribution of skin color across the face contributes to perceptions of health, age, and attractiveness of human faces (Fink et al. 2001 (Fink et al. , 2006 Matts et al. 2007) . Fink et al. (2001) found that ratings of facial attractiveness correlated with measures of skin color homogeneity, such that more homogeneous skin color distribution was more attractive. More homogeneous chromophore (melanin and hemoglobin) distribution across the skin also correlates positively with ratings of health, attractiveness, and youthfulness (Matts et al. 2007) , while the facial color distribution of younger women is perceived as younger, healthier, and more attractive than that of older women (Fink et al. 2006) . Further, increased contrast between the luminance of the facial features and the rest of the facial skin has been shown to enhance the attractiveness and femininity of female faces, and to reduce the attractiveness and masculinity of male faces (Russell 2003) . However, it is not only color distribution that plays a role in indicating facial health. Jones et al. (2004) found that health ratings of skin patches taken from face photographs correlated with ratings of attractiveness of the whole faces, suggesting that skin color and texture themselves contribute to the attractiveness of faces independently of shape, and when color distribution across the whole face cannot be viewed.
Though these studies clearly indicate a role for facial color, they have all either treated the color and texture of skin together, without assessing color effects that are independent of texture effects, or dealt with color distribution, and none has made use of color-calibration techniques (Hong et al. 2001) . Recently, we have begun to investigate the role of overall facial skin color in determining the perception of health from faces via the CIELab color space (Stephen et al. 2009 ).
The CIELab color system is commonly used in human perceptual work, modeled on the human visual system, and designed to be perceptually uniform, with a change of 1 unit appearing to be of approximately the same magnitude regardless of the dimension of the change (Martinkauppi 2002) . Here, we use the color manipulation techniques and experimental paradigm established by Stephen et al. (2009) to investigate the effect of overall skin color on the apparent health of human faces. Single-axis transforms allowed participants to manipulate the skin portions of color-calibrated facial photographs along the 3 CIELab component axes: L* (light-dark), a* (red-green), and b* (yellow-blue), separately to optimize apparent health. CIELab a* values are affected primarily by blood in human skin (Edwards and Duntley 1939) , and only single-axis transforms were undertaken in the a* dimension. The b* component of skin color is substantially influenced by 2 pigments, carotenoids and melanin, but these pigments have different influences on the L* component (Edwards and Duntley 1939; Stamatas et al. 2004) , so for L* and b* we undertook both single-axis and 2-dimensional trials, in which we allowed participants to manipulate faces along L* and b* axes simultaneously. To investigate contrast in our study of color images, we investigated the difference between color changes applied when lip color remained constant or was manipulated along with the facial skin.
Increased skin vascularization increases skin a* and is associated with increased physical fitness in humans (Johnson 1998 ) and increased estrogen levels in women (Charkoudian et al. 1999; Thornton 2002 ), but is impaired in patients with type 2 diabetes (Charkoudian 2003) and hypertension (Panza et al. 1990) . Increased blood oxygenation, associated with increased aerobic fitness (Armstrong and Welsman 2001) , increases blood redness. Skin blood deoxygenation is associated with cardiac and respiratory illness, and causes a dull, blue tint to the skin (Ponsonby et al. 1997) . Previous perceptual work has shown that increased skin blood perfusion and oxygenation coloration enhance the healthy appearance of human faces (Stephen et al. 2009 ). Similar phenomena appear to exist in nonhuman primate species, with redness reflecting aspects of underlying physiology. Increased facial skin redness, due to increased skin blood perfusion, has been linked to increased testosterone in male rhesus macaques (Rhodes et al. 1997) , and increased estrogen levels and fertility have been linked with increased redness of anogenital skin in female rhesus macaques (Czaja et al. 1977; Dixson 1983 ). Both of the reddened areas attract preferential visual attention from the opposite sex (Waitt et al. 2003 (Waitt et al. , 2006 . Facial redness is also associated with higher testosterone levels and dominance rank in male mandrills (Setchell and Dixson 2001) and reproductive status in female mandrills (Setchell et al. 2006) ; female mandrills prefer to mate with brightly colored males (Setchell 2005) . Facial redness in male mandrills may therefore be an honest signal, demonstrating the bearer's ability to bear the burden of the immune suppression caused by increased testosterone levels (Folstad and Karter 1992; cf. Setchell et al. 2009 ). We predict that increased skin redness will enhance the healthy appearance of human faces, due to its association with increased blood perfusion and oxygenation.
CIELab b* values are affected primarily by melanin and carotenoids in human skin (Edwards and Duntley 1939; Stamatas et al. 2004) . Carotenoids are obtained from consumption of fruits and vegetables (Alaluf et al. 2002) , and dietary supplementation causes skin yellowing (Stahl et al. 1998) . Carotenoid supplementation is associated with improved development of the immune system in human children (Alexander et al. 1985) , whereas individuals infected with HIV and malaria have reduced carotenoid levels (Friis et al. 2001) . Carotenoid levels may also affect spermatogenesis in boars (Chew 1993) , and women who failed to conceive during in vitro fertilization had unusually fluctuating carotenoid levels in their follicular fluid (Schweigert et al. 2003) . Brightly colored carotenoid-based ornaments are displayed by many bird and fish species, the size and brightness of which reflect aspects of health and condition. Male greenfinches with brighter yellow breast feathers showed stronger humoral immune responses to a novel antigen (Saks et al. 2003) . Male and female yellow-eyed penguins with more saturated yellow eye ornamentation produced more offspring per season (Massaro et al. 2003) . Researchers have demonstrated mate choice based on the brightness of carotenoid ornaments in greenfinches (Eley 1991) , yellow-eyed penguins (Massaro et al. 2003) , and goldfinches (MacDougall and Montgomerie 2003) . We predict that participants will increase skin b* in both single-axis and twodimensional trials, indicating a role for carotenoids or melanin in enhancing the appearance of health in faces.
CIELab L* values are affected primarily by melanin, increased levels of which increase skin b* values and decrease skin L* values (Stamatas et al. 2004) . Melanin may have health costs, with the UV-filtering effects impairing vitamin D synthesis, potentially leading to rickets and osteomalacia (Jablonski and Chaplin 2000; Murray 1934; cf. Robins 1991) . Health benefits of melanin include providing protection from damaging UV radiation, reducing the incidence of skin cancer and sunburn (Robins 1991) , and reducing the photolysis of folate, a deficiency of which during pregnancy places the fetus at risk of neural tube defects (Omaye 1993) . Melanin plays a role in immune defense in humans (Burkhart and Burkhart 2005) , as in insects (Boman and Hultmark 1987) . Researchers have long noted that men have darker skin than women (Edwards and Duntley 1939; Hulse 1967; van den Berghe and Frost 1986) , and have suggested that light skin is considered more attractive, particularly in female faces where it may be taken as a sign of femininity, youth, and fecundity (Aoki 2002; Jones 2000; van den Berghe and Frost 1986; Wagatsuma 1968) or high social class in both sexes (Hulse 1967; Jones 2000) . Several researchers have addressed the perception of human skin lightness, though they have provided conflicting results and used unreliable methodologies, often relying on questionnaires (Feinmann and Gill 1978) , uncalibrated stimuli (Frost 1994) , or correlational studies (Jones 2000) . In our study, in both the single-axis and two-dimensional trials, a role for melanin pigmentation in enhancing the apparent health of faces would be indicated if participants increase b* values and decrease L* values, indicating a preference for a tan color. If participants increase b* coloration but do not decrease L* values, a role for carotenoids will be indicated. Because carotenoids are associated with health signaling in many species, whereas melanin is associated with both health costs and benefits, we predict that participants will not prefer to reduce L* values in faces to optimize healthy appearance.
Previous studies of skin color have suggested a role for sexual dimorphism in color preferences, with female skin being lighter in females in many populations, and lightness appearing more attractive in females (van den Berghe and Frost 1986). We predict that participants will prefer to enhance sexual dimorphism in faces by increasing L* in female faces more than in male faces, and increasing a* and b* more in male than in female faces.
Following Russell's (2003) findings on facial contrast, we predict that manipulations that increase the contrast between the features and the skin (the lips constant conditions) will be enhanced more in female faces than in male faces.
Materials and Methods
This work was approved by the University of St. Andrews Ethics Committee. All participants gave prior, informed consent in writing.
Photography
We photographed 51 Caucasian participants (21 male, 30 female; ages 18-22) without skin makeup and with neutral expressions, in a booth painted Munsell N5 gray, illuminated with 3 Verivide F20 T12/D65 daylight simulation bulbs in highfrequency fixtures (Verivide, UK), to reduce the effects of flicker. The booth was located in a room with no other lighting. We placed a Munsell N5 painted board over the shoulders and included a GretagMacbeth Mini ColorChecker color chart in the frame. We color-corrected images using a least-squares transform, from an 11-expression polynomial expansion (Hong et al. 2001 ) of camera RGB values for 24 ColorChecker patches to the manufacturer-specified CIELab values of the same patches. This achieved a mean color error (ΔE) of 2.44 between the 24 manufacturer stated color values and the color values obtained from the corrected images. (ΔE is the Euclidean distance between 2 color points in CIELab space, and is the standard method used for quoting color differences in CIELab color space.)
We used Matlab to calculate mean CIELab values across skin pixels for each face image (defining initial CIELab face color).
Image Manipulation
We used Matlab to produce masks with even coloration representing the skin areas of faces (with a Gaussian blur at the edges), 1 representing average face color +8 units of a* (increased redness) and 1 with average face color -8 units of a* (decreased redness). The masks were warped to the shape of the skin portions of each face image (n=51) in turn. We manipulated each face by the difference in color between each of the pairs of masks (Burt and Perrett 1995) . This produced a single manipulation composed of a series of 13 frames (numbered 0-12), in which frame 0 had skin redness reduced by 16 units of a*, increasing incrementally so that frame 6 was the original image and frame 12 had skin redness increased by 16 units of a* (Fig. 1a) .
For the single-axis transforms, we repeated this procedure for each of the 51 faces, in each of 3 color dimensions (L*, a*, and b*; Figs. 2a and 3a) and in each of 2 lip conditions (lip color changes with the rest of the facial skin, and lip color remains constant as the facial skin color changes), giving a total of 306 (51 faces × 3 color dimensions × 2 lip conditions) manipulations to be presented to participants. Each of these manipulations comprised a series of 13 frames. Each of the 306 trials allowed a participant to cycle through the 13 frames making up the manipulation by moving the mouse horizontally across the screen, in order to select the frame that appears the healthiest.
2D transforms allowed the participants to manipulate the 51 faces simultaneously along L* and b* color axes to optimize healthy appearance. To generate these 2D transforms, we transformed each of the 51 faces along the L* axis (13 frames), and then along the b* axis (13 frames), meaning that this manipulation was made up of 169 frames (13×13; Fig. 4a ). This can be envisioned as a grid, 13 cells high, e.g., L*0 to L*12, by 13 cells across, e.g., b*0 to b*12). When the mouse pointer passes over each cell, the corresponding frame of the manipulation is displayed. Therefore, for each of the 51 trials, moving the mouse horizontally would change the facial skin in 1 color dimension-randomly assigned to either L* or b*-and moving the mouse vertically would change the skin in the other color dimension, allowing both L* and b* color dimensions to be changed simultaneously. For the 2D transforms, we manipulated lip color along with the facial skin.
For all transforms, hair, eyes, clothing, and background remained constant.
Experimentation
We recruited 32 participants (12 male, 20 female, ages 19-26) for manipulations along single-color axes and 22 participants (12 male, 10 female, ages 18-25) for 2D trials. All participants self-identified as Caucasian. For the single-axis transforms, we presented participants with the 306 trials, 1 face at a time in random order on a CRT monitor (color-calibrated using a ColorVision Spyder 2Pro to mean ΔE of 2.32 for a range of skin tones reflecting faces of various ethnicities). Each participant saw each of the 51 face identities only once for each type of trial. For all trials, the participants were given the instruction: make the face as healthy as possible.
Statistical Methods
We performed statistical analyses via SPSS version 16. We calculated mean color changes applied to each face (by face dataset). We used 1-sample t-tests (H 0 : no color change) to evaluate the overall color changes. We used General Linear Mixed Models to test for the effects of initial face color, face and participant sex, and lip condition, on color change applied (dependent variable = color change; fixed factors = face sex, participant sex, lip condition; random factor = participant ID; covariates = initial face color: L*, a*, and b*). We included all main effects in the model. We nested participant ID within participant sex. The interactions between participant sex and face sex and between face sex and lip condition were included in the model.
Results
For the range of color-calibrated face colors presented here, participants increased a* (mean redness change ± SE Δa*=1.62±0.19; t 50 =8.71; p<0.001; Fig. 1b) to optimize healthy appearance. Statistical results from the General Linear Mixed Modeling analyses are summarized in Table I . The amount of color change applied to optimize healthy appearance was affected by the initial color of the face, particularly by the dimension being manipulated. Participants increased a* more in faces initially low in a* (Fig. 1b) and, to a lesser extent, in faces high in b*.
Participants increased b* (Δb*=5.25±0.18; t 50 =29.64; p<0.001; Fig. 2b ) to optimize healthy appearance in the single-axis trials. Participants increased b* more in faces initially low in b* (Fig. 2b) and in faces initially high in L* and a*.
Participants increased L* (ΔL*=1.21±0.23; t 50 =5.20; p<0.001; Fig. 3b ) to optimize healthy appearance. Participants increased L* more in faces initially low in L* (Fig. 3b ) and, to a lesser extent, also in faces low in a*. In the 2D trials, participants increased b* (Δb*=0.463±0.01; t 50 =49.940; p<0.001) and L* (ΔL*=0.181±0.12; t 50 =10.629; p<0.001) to optimize healthy appearance (Fig. 4b) .
Participants added more a* (Fig. 1b) and b* (Fig. 2b) to male faces than to female faces and more L* to female faces than to male faces (Fig. 3b) . In our sample, female faces are originally lighter than male faces (t 49 =2.342; p=0.023).
The lips transform condition did not affect the color change applied in the L* or a* transforms. Participants increased b* in faces more when lips changed along with the face than when they remained constant (Fig. 2c) , though they increased b* in both conditions. There was no interaction effect of lip condition with sex of face in any of the 3 dimensions.
Discussion
Our study reveals a role of overall skin color in the appearance of health in human faces, separate from information provided by skin texture or color distribution. We have shown that, for a sample of 51 color-calibrated Caucasian face photographs, increased skin a*, b*, and L* enhance the perceived health of human faces. Participants increased color more in faces initially low in that dimension, suggesting that extremes of skin coloration outside the natural range do not appear healthy, possibly because of preferences for face color within the normal range (Langlois and Roggman 1990) . Stephen et al. (2009) found that the physiologically relevant cues of increased skin blood perfusion and oxygenation color enhance the healthy appearance of faces. The current study takes a more perceptual stance, demonstrating that pure color changes along dimensions modeled on the human visual system (Martinkauppi 2002) affect the apparent health of human faces. We found that skin redness enhanced the perceived health of faces, possibly because of its association with skin blood perfusion and oxygenation (Edwards and Duntley 1939; Stephen et al. 2009 ). This relationship shows similarities to color signals displayed in nonhuman primates, particularly Old World monkeys (Dixson 1998) . Increased redness due to increased blood perfusion is associated with aspects of health such as hormonal status (Czaja et al. 1977; Dixson 1983; Rhodes et al. 1997; Setchell and Dixson 2001) and reproductive status (Rhodes et al. 1997; Setchell et al. 2006) in this group. Redness in nonhuman primates is also associated with social factors such as dominance rank (Setchell and Dixson 2001; Setchell and Wickings 2005) and is preferred by the opposite sex (Setchell 2005; Waitt et al. 2003 Waitt et al. , 2006 . Investigation of the role of facial redness in the appearance of human dominance and attractiveness is therefore warranted.
It is a popular view that suntanning enhances the healthy and attractive appearance of Caucasian faces. The role of melanin in the perception of faces is usually considered in terms of skin darkening (reduced L*; Frost 1994; van den Berghe and Frost 1986). Our finding that participants choose to increase b* and increase L* in both single-axis and 2D trials suggests that any benefit to health appearance from tanning is due to the associated increase in skin b* (Stamatas et al. 2004) . We suggest that the healthy appearance of skin b* may be attributable to dietary carotenoid deposition in the skin. This suggests that carotenoids, which are involved in health signaling (Massaro et al. 2003; Saks et al. 2003) and sexual selection (Eley 1991; MacDougall and Montgomerie 2003; Massaro et al. 2003) in many species of birds and fish, may also affect the appearance of health in humans. To clarify the relative roles of these pigments in facial health, a study investigating the role of skin melanin and carotenoid coloration on the apparent health of human faces would be a valuable next step.
Participants exaggerated existing sexual dimorphism in skin color by lightening female faces more than male faces and reddening and yellowing male faces more than female faces. This is congruent with the finding that men are browner, ruddier (Edwards and Duntley 1939; Frost 1994) , and darker (van den Berghe and Frost 1986) than women in many populations and may be attributed to a preference for faces that conform to sexually dimorphic patterns (Perrett et al. 1998; Rhodes 2006) .
While there were no effects of lip condition in a* or L* trials, participants increased skin b* more when the lip color changed along with the rest of the facial skin. When the lips remained constant as the rest of the facial skin was increased in b*, the lips appeared blue (Fig. 3a) , a symptom of cyanosis (a lack of blood oxygenation that is associated with cardiac and respiratory illnesses; Ponsonby et al. 1997 ). We did not find any difference in the effect of lip condition between the 2 sexes in any of the 3 color dimensions. These findings differ from those of Russell (2003) , who found that increased contrast between the features and the facial skin enhanced femininity and attractiveness in female faces but reduced masculinity and attractiveness in male faces. One of 3 explanations may account for these results: 1) Russell's use of black-and-white photographs may have eliminated important color information from his images. 2) The contrast between the features and the facial skin may be important for attractiveness and sexual dimorphism perception, but not for health perception.
3) The effects found by Russell (2003) may be attributable to the contrast between the eyes and the skin instead of the lips and the skin. A more detailed study of these issues is therefore warranted.
Summary
We have established a role for overall skin color, independent of skin texture or color distribution, in the appearance of health in human faces. The enhancement of healthy appearance caused by increased skin redness provides additional support for a role for blood coloration in health perception (Stephen et al. 2009 ). The role of skin yellowness and lightness suggests that carotenoid pigmentation may also play a role in health perception. Together, the results suggest that colors that are associated with health signaling and mate choice in a number of animal species also play a role in the perception of health in human faces.
